Current models for cleavage plane determination propose that metaphase spindles are positioned and oriented by interactions of their astral microtubules with the cellular cortex, followed by cleavage in the plane of the metaphase plate [1, 2] . We show that in early frog and fish embryos, where cells are unusually large, astral microtubules in metaphase are too short to position and orient the spindle. Rather, the preceding interphase aster centers and orients a pair of centrosomes prior to nuclear envelope breakdown, and the spindle assembles between these prepositioned centrosomes. Interphase asters center and orient centrosomes with dynein-mediated pulling forces. These forces act before astral microtubules contact the cortex; thus, dynein must pull from sites in the cytoplasm, not the cell cortex as is usually proposed for smaller cells. Aster shape is determined by interactions of the expanding periphery with the cell cortex or with an interaction zone that forms between sister-asters in telophase. We propose a model to explain cleavage plane geometry in which the length of astral microtubules is limited by interaction with these boundaries, causing length asymmetries. Dynein anchored in the cytoplasm then generates length-dependent pulling forces, which move and orient centrosomes.
Results and Discussion
Cleavage furrows initiate at a position equidistant between two radial arrays of microtubules (asters), which grow out from sister centrosomes at the end of mitosis. The position of these asters depends on the prior position of the metaphase spindle. In typical animal cells, the mitotic spindle is positioned in the center of the cell, and oriented parallel to the cell's long axis, by forces acting on its astral microtubules during metaphase [1, 2] . In frog eggs, the sperm enters on the side; its centrosome nucleates a huge sperm aster. This aster captures the female pronucleus, and moves it, together with the male pronucleus and centrosomes, to a position near the cell center, where the first mitotic spindle assembles. The spindle is small compared to cell size, and its astral microtubules are too short to contact the cortex in metaphase [3] . The first cleavage plane tends to cut through the sperm entry point [4] . The reason for this is unclear (for an overview of microtubule organization in early frog embryos see Figure S4A , available online).
To determine when the orientation of the first cleavage plane is established, we repeated Hertwig's experiment of compressing the embryo, which imposes a cleavage plane normal to the long axis of the cell [5] . Shortly after fertilization, embryos of the African clawed frog Xenopus laevis were compressed between glass slides. By fixing at different times, we tested when the spindle axis is determined ( Figures 1A  and 1B) . Immunofluorescence staining of a-tubulin and g-tubulin was used to distinguish cell-cycle stages and to measure the angle between sister centrosomes and the imposed long axis of the cell. In prophase, before nuclear envelope breakdown, the intercentrosome axis was already accurately positioned, differing from the long axis by only 4.9 6 2.4 (compare to random orientation of 45 ). This orientation did not improve significantly in metaphase (4.2 6 3.7 , p = 0.5, Student's t test). Between anaphase and cytokinesis, alignment improved significantly (1.4 6 1.1 , p = 0.001), presumably because the expanding asters, which we will call telophase asters, begin to contact the cortex and thus sense cellular shape. However, the sister-asters are only able to fine-tune the angle of cleavage and not completely reorient it ( Figure S1A and previous work [6] ). Cleavage planes were oriented with an average of 86.1 6 2.8 relative to the artificial long axis, showing that cleavage planes accurately respect the centrosome orientation imposed before mitosis. To determine why cleavage planes tend to cut through the sperm entry point in unperturbed embryos [4] , we performed immunofluorescence after fertilization. We observed that sperm aster expansion is limited by the nearest cortex (i.e., the cortex near where the sperm entered), resulting in an aster with an oblate ellipsoid shape with its long axis parallel to a tangent to the cortex at the sperm entry point ( Figure S1B ). In favorable images, we could visualize paired centrosomes already oriented along this axis by w35 min postfertilization. We propose that the centrosomes preserve this orientation at the center, which serves to orient the first mitotic spindle and in turn to orient the first cleavage plane. The second cleavage plane is orthogonal to the first. When we visualized centrosomes in telophase of first mitosis in Xenopus, we found that sister centrosomes are already oriented orthogonal to the first mitotic spindle before astral microtubules have reached the cortex, which is long before nuclear envelope break down for second mitosis ( Figure 1C ). In summary, the positions and orientations of both the first and second mitotic spindles are determined by the position of centrosome pairs before mitosis onset, which in turn are determined by the behavior of centrosomes inside interphase (or telophase) asters (in early embryos, where there is no G1 or G2, interphase and telophase are equivalent).
Internal imaging of amphibian embryos requires fixation and clearing, because yolk with high refractive index is distributed throughout the cells. To image microtubules in living embryos with large cells, we generated a zebrafish line stably expressing the microtubule-binding domain of ensconsin fused to three GFPs (EMTB-3GFP) [7, 8] . Zebrafish sperm enters the egg near the animal pole, nucleating a sperm aster that spans the whole cell (excluding the lower, yolk-filled part of the egg) (Figure 2A) , and captures the female pronucleus. This aster breaks down at the onset of mitosis, and the first mitotic *Correspondence: martin.wuehr@gmx.de spindle forms. As in the frog, astral microtubules at metaphase are too short to contact the cortex, and the spindle forms where centrosomes and DNA were deposited by the sperm aster ( Figure 2B and Movie S1). After anaphase onset, telophase asters expand dramatically from the separating sister centrosomes ( Figure 2C ). At the plane where the sister telophase asters overlap, a zone of reduced microtubule density emerges ( Figures 2C and 2D ). We will call this region, which we also observed in frog embryos ( Figures 1A and 1C) , the aster-aster interaction zone. It seems to form because interpenetration of microtubules from the two asters is blocked by unknown mechanisms.
The interaction zone limits the length of microtubules growing toward the sister aster, creating a length asymmetry in the left to right direction in Figure 2 (for quantification of asymmetry see Figure S2 ). As the telophase asters expand, and before astral microtubules reach the cortex, the centrosomes at their centers start to move apart, toward a point midway between the interaction zone and the far cortex ( Figures 2B-2E and Movies S1 and S2). This corresponds to the presumptive center of the daughter cell following cytokinesis, where the second mitotic spindle must assemble. In Movie S1, the aster expands at approximately 15 mm per minute, while centrosomes move away from the midplane at approximately 3 mm per minute. During their outward movement, the centrosomes duplicate and separate, and each pair orients parallel to the interaction zone, aligning with the long axes of the telophase asters ( Figure 2D ). Interphase nuclei follow centrosomes ( Figures 1C and 2D ), presumably by recruiting dynein to their surfaces [9] . The spindles of second mitosis assemble between the separated centrosomes, shortly after cytokinesis ( Figures 2D and 2E ). Again, their astral microtubules at metaphase are too short to reach the cortex. We conclude that the position (at the cell center) and orientation (orthogonal to the first mitotic spindle) of second mitotic spindles in zebrafish are determined by the prior position of centrosome pairs in prophase, which was in turn determined in some way by the geometry of the telophase asters they nucleated in the preceding interphase. Because microtubule organization in fish and frog embryos were similar, we combined their technical advantages to probe the mechanisms that locate and orient centrosomes in interphase and thus determine cleavage plane geometry.
To determine whether centrosomes are moved by pushing or pulling forces, we depolymerized microtubules in selected regions of zebrafish embryos by uncaging a photoactivatable derivative of the microtubule depolymerizing drug combretastatin 4A ( Figure 3A ). When the caged drug was activated with UV light in defined regions close to asters (red area in Figure 3B ), the asters started to disassemble preferentially on the irradiated side. As soon as strong asymmetry in microtubule distribution was observed, centrosomes moved away ; random orientation would be 45 ). Centrosomes are already well aligned (4.9 6 2.4 SD) before nuclear envelope breaks down, as soon as they can be visualized with g-tubulin staining. Alignment does not improve significantly in metaphase (4.2 6 3.7 ) or anaphase-telophase (4.9 6 3.8 ). Once the expanding telophase asters touch the cortex, just before cytokinesis, centrosome alignment is fine tuned significantly (1.4 6 1.1 ). (C) a-tubulin (yellow) immunofluorescence in a frog embryo at anaphase-telophase of first mitosis, before cytokinesis. Duplicated centrosomes are already aligned parallel to the longest axes of the daughter cells. DNA (blue) follows centrosomes. The scale bars represent 500 mm. See also Figure S1 . from the depolymerization zone ( Figure 3B and Movie S3). The exact geometry and degree of depolymerization were difficult to control, and the speed of aster movement initiated by localized microtubules depolymerization varied significantly. However, asters reproducibly moved away from the region of photoactivation (12/13 experiments, in 1/13 no movement was seen; Figure S3A ). This observation argues strongly for movement by pulling forces. At the concentrations used (10 mM), the caged drug did not significantly interfere with microtubule dynamics, and similar irradiation of embryos without drug had no effect (data not shown). Movement induced by local microtubule depolymerization occurred before the remaining part of the aster touched the cortex, arguing against a primary role for cortex-attached motors. We conclude that astral microtubules in zebrafish embryos exert pulling forces that are independent of aster-cortex contact. Our approach mimics Hiramoto's classic local photoinactivation of colcemid in marine eggs, which led to similar conclusions [10] .
Dynein is implicated in centrosome movements in other systems [11] . To test its role in zebrafish, we injected a dominant-negative fragment of the dynactin complex (p150-CC1) into embryos shortly after fertilization. This fragment binds to dynein, blocks its interaction with dynactin, and inhibits most dynein functions [12] . Expansion of sperm and telophase asters and aster breakdown in mitosis were unperturbed ( Figure 3C and Movie S4). However, centrosome movement and orientation of paired centrosomes in telophase were inhibited. As a result, unoriented centrosome pairs accumulated, and the asters they nucleated appeared to fuse. To test for a role of dynein in sperm centrosome centering in frog embryos, we injected eggs with p150-CC1 shortly after fertilization and fixed them at several time points. As observed through immunofluorescence, aster centering was severely inhibited ( Figures S3B-S3D) . We conclude that the forces that center and orient centrosomes in frog and fish embryos depend on dynein-dynactin interaction and thus that pulling force is most likely generated by dynein. To explain how asters move long before their microtubules contact the cortex toward which they are moving (Figure 2 , see also discussion in 13), we propose that dynein pulls from sites dispersed throughout the cytoplasm. Similar mechanisms have been proposed for pronuclear migration in sand dollar and Caenorhabditis elegans [10, 14, 15] .
In light of these findings, we propose a simple model for centrosome positioning with three essential components ( Figure 4 ): (1) During interphase/telophase, a pair of centrosomes center and orient with the longest axis of the aster determining the orientation and position of the following mitotic spindle (observation). (2) Force on centrosomes is generated by a tug-of-war mechanism, where dynein anchored throughout the cytoplasm engages astral microtubules, resulting in length-dependent pulling forces on centrosomes (hypothesis), and (3) microtubule length is determined by interaction of the periphery of the interphase aster with cortex and interaction zone that limit its expansion (observation, mechanism unknown). These boundaries shape the aster, giving rise to microtubule length asymmetries that the dynein tug-of-war operates on to move and orient centrosomes.
The sperm aster in frogs is shaped by the fact that microtubules on the cortex side near the sperm entrance point are length-limited by the cortex ( Figure 4A ). Microtubules pointing in any other direction can grow, so our proposed lengthdependent dynein force pulls the centrosome toward the cell center and also orients sister centrosomes ( Figure S1B ). The first mitotic spindle forms centered and oriented parallel to the tangent of the sperm entry point ( Figure 4B ). Egg compression in frogs limits aster growth in the short axis of the cell ( Figures 1A and 1B ). This generates a length asymmetry that is converted into centrosome orientation along the long axis by dynein pulling. In telophase of first mitosis in both frog and fish, the interaction zone between telophase asters limits aster expansion toward the center of the cell ( Figure 4C ). The asters become dome-shaped, with microtubules longer in directions pointing away from the midline ( Figure S2 ). This length imbalance leads to dynein-mediated pulling of centrosomes toward a position equidistant between the interaction zone and the cortex, which segregates sister nuclei, and positions them appropriately for the next mitosis. At the same time, sister centrosome pairs orient parallel to the interaction zone as the sisters separate in telophase ( Figure 4C ). Cytokinesis furrows ingress where the interaction zones between telophase asters touch the cortex [16] using partially established mechanisms [17, 18] . Shortly thereafter, comparatively small mitotic spindles form centered and aligned with the long axes of the daughter cells ( Figure 4D ).
Although it is clear, in outline, how length asymmetry can center an aster in the cell by our model, it is less clear how aster shape determines the orientation of the centrosome pair with the aster, parallel to its longest axis. We propose a simple model in Figure S4B where we assume (1) radial organization of microtubules, (2) length-dependent pulling force on a given microtubule is exerted mostly on the centrosome closest to the minus end of that microtubule, and (3) sister centrosomes are connected and can exert force on each other. This should result in a net force on the centrosome pair that orients it along the longest axis of the aster ( Figure S4B ).
Cleavage planes are also oriented in z, the animal-vegetal axis (axes are defined in Figure S4A ). In both frogs and fish, yolk is more concentrated toward the vegetal side of the embryo, which breaks spherical symmetry in this direction. In fish, where yolk and cytoplasm seem mostly separated, yolk seems to provide a physical barrier to microtubule growth. Thus yolk may simply inhibit aster expansion downward, toward the vegetal pole, controlling aster shape in the z axis. This orients spindles in the x-y plane for many divisions (Movie S2), perhaps by the mechanism proposed in Figure S4B . In frogs, yolk is dispersed but more concentrated on the vegetal side of the embryo. The position of the first three mitotic spindles is shifted toward the animal pole [3] . We can envision two mechanisms that might explain z asymmetry:
(1) yolk could act as a boundary and stop or slow down aster growth, resulting in length asymmetry as in fish or (2) less force per unit microtubules length is exterted in more yolky cytoplasm. Hertwig first proposed that mitotic spindles are oriented by cell shape, so that cleavage planes bisect the cell's long axis [5] , to explain the normally orthogonal succession of the first three cleavage planes and the artificial orientation imposed by egg compression. We have updated his theory by showing that cell shape in fact orients centrosomes within interphase asters in early frog and fish embryos, and we propose a unified model that accounts for these observations with plausible molecular mechanisms. Many details remain to be elucidated, but our model can explain, in outline, how pronuclei center in large vertebrate embryos, how sister nuclei segregate when the spindle is small compared to the cell, and how successive cleavage planes orient.
It takes until approximately cell-cycle 5 in fish and 8 in frog for cells to become small enough that metaphase asters can touch the cortex (Movie S2 and previous work [3] ). It is possible that in more normal-sized cells forces from cortical dynein dominate. However, support for cortical pulling forces comes mostly from systems that position spindles asymmetrically [19, 20] . We suggest that dynein anchored in bulk cytoplasm might be generally used to promote aster centering by a tugof-war mechanism, whereas dynein localized at specialized cortical sites might promote off-centering during asymmetric divisions and cell polarization. . After stirring at room temperature for 22 hr, the reaction mixture was diluted with dichloromethane. The organic layer was washed with water and brine, dried over MgSO 4 , filtered, and concentrated under reduced pressure. The crude mixture was purified via flash SiO 2 column chromatography [EtOAc/ hexanes (20%/80% to 25%/75%)] to give the desired compound with some impurities as a yellow solid (9.9 mg, 96% yield). The NMR spectrum of the synthesized compound is 1 Zebrafish embryos were mounted in 0.1 MMR containing 10 mM caged combretastatin. The drug was activated with a 405 nm laser (30 mW) with 13 msec pixel dwell time on a LSM 710.
Dynein Inhibition P150-CC1 was expressed and purified as described previously [24] and dialyzed in XB +150 mM sucrose (10 mM HEPES [pH 7.7], 1 mM MgCl 2 , 0.1 mM CaCl 2 , 100 mM KCl, 200 mM sucrose) and flash frozen (25 mg/ml). Zebrafish were injected shortly after fertilization with w4 nL of protein solution and prepared for imaging as described above. For Movie S4, maximum intensity of z stacks (5 planes 9 mm apart) were projected. X. laevis embryos were fertilized at w16 C. Shortly thereafter, embryos were injected with w25 nL of p150-CC1 solution. Embryos were fixed 60 and 90 min in low FG-buffer [25] immunofluorescence against a-tubulin and g-tubulin as described [3] (antibodies B-5-1-2 and GTU-88 were purchased from Sigma). Because the number of embryos that can be injected after fertilization is limited, uninjected embryos served as control for fixation and immunostaining. Later, control embryos from the same parents were injected with w25 nl of p150-CC1 dialysis buffer; these embryos showed a normal cleavage pattern (data not shown).
Compression of Xenopus Embryos
Embryos were fertilized at room temperature, dejellied, and squeezed between two glass plates. The plates were pressed together with a spring and the compression distance controlled by short pieces of wire (0.8 mm diameter). Embryos were fixed while compressed by immersion in 90% MeOH, 10% 0.5 M EGTA [pH 7.8] in H 2 O. Immunofluorescence was performed as described [3] .
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